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Abstract: This study establishes structure–property relation-
ships for four synthetic flavin molecules as bioinspired redox
mediators in electro- and photocatalysis applications. The
studied flavin compounds were disubstituted with polar
substituents at the N1 and N3 positions (alloxazine) or at the
N3 and N10 positions (isoalloxazines). The electrochemical
behavior of one such synthetic flavin analogue was exam-
ined in detail in aqueous solutions of varying pH in the
range from 1 to 10. Cyclic voltammetry, used in conjunction
with hydrodynamic (rotating disk electrode) voltammetry,
showed quasi-reversible behavior consistent with freely dif-
fusing molecules and an overall global 2e� , 2H+ proton-cou-

pled electron transfer scheme. UV/Vis spectroelectrochemical
data was also employed to study the pH-dependent electro-
chemical behavior of this derivative. Substituent effects on
the redox behavior were compared and contrasted for all
the four compounds, and visualized within a scatter plot
framework to afford comparison with prior knowledge on
mostly natural flavins in aqueous media. Finally, a preliminary
assessment of one of the synthetic flavins was performed of
its electrocatalytic activity toward dioxygen reduction as
a prelude to further (quantitative) studies of both freely dif-
fusing and tethered molecules on various electrode surfaces.

Introduction

As part of a broader project on bioinspired electro- and photo-
catalyst assemblies,[1, 2] we describe below the results of
a study on the electrochemical behavior of four synthetic fla-
vins in aqueous media. Flavins are biologically important
yellow molecules with a common three-ring isoalloxazine
structural motif, of which three natural analogues are well
known: riboflavin, flavin mononucleotide (FMN), and flavin ad-
enine dinucleotide (FAD) (Figure 1). All three molecules share
the common feature of 7,8-dimethyl substitution of the ben-
zene subnucleus but differ in the side chains at the N10 posi-
tion. Additionally, lumiflavin, is a riboflavin analogue in which
the ribotyl substituent at the N10 position is photochemically

cleaved to a methyl group (Figure 1). The isoalloxazine moiety
(particularly the bis-imine of the quinone-like core) forms the
electroactive part of the molecules while the N10 substituents
aid in apoprotein-cofactor binding and specificity.[3–5] The other
substituents (at the C7 and C8, N1, N3, and N5 positions,
Figure 1), as elaborated further in what follows, have direct ef-
fects on stability, solubility, pKa, and redox potential.

The electrochemical behavior of flavins, particularly ribofla-
vin, FMN, and FAD but also lumiflavin, has been extensively

Figure 1. Synthetic flavins in the present study and their relationship to nat-
ural analogues. RF and LF stand for riboflavin and lumiflavin, respectively.
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studied;[6–55] the early literature up to 1983 has been discussed
in book chapters and review articles.[6–8] A wide range of elec-
trode materials and supports were investigated in these stud-
ies. This corpus of literature work, however, has mostly focused
on natural flavins (i.e. , riboflavin, FAD, FMN) and much less is
known about their synthetic counterparts. The few studies on
synthetic flavins, on the other hand, were directed toward un-
derstanding substituent effects on redox potentials by theoret-
ical and experimental means.[22, 28, 43, 46] The present study, in
contrast, differentiates itself from the extensive prior body of
work on natural flavins by focusing on freely-diffusing synthet-
ic flavin molecules, and their redox properties, especially from
electrocatalysis and photocatalysis perspectives. Thus this
study focuses on the reductive (i.e. , cathodic) electrochemical
behavior of four synthetic flavin derivatives in aqueous media.

The distinguishing side groups of riboflavin, FMN, and FAD
(Figure 1) are also a potential source of instability for applica-
tions such as in fuel cells and in heterogeneous photocatalysis.
Flavins 1–4 (Figure 1) were thus designed for enhanced redox
stability and aqueous solubility over a broad pH range. Fur-
thermore and, most importantly, these species avoid intramo-
lecular proton-transfer events[22] stemming from the acidic N3
imide proton in the natural flavins during redox cycling.

Alloxazine 1 (Figure 1), the primary focus of this study, was
selected because it has a more thermodynamically favorable
interaction with dioxygen (O2) after electrochemical reduction,
in comparison to isoalloxazines 2-4, which have more positive
redox potentials. While all reduced flavin mimics are thermody-
namically disposed to reduce O2, initial electron transfer from
reduced flavin to O2 is the kinetic barrier to this interaction. In
biological oxidoreductases, where constitutive formation of re-
active oxygen species should be limited, the protein structure
and environment serve to accelerate the redox process.[56, 57]

Furthermore, the relative synthetic ease with which two per-
manent cationic species can be installed in 1, with comparison
to the monoionic isoalloxazine systems, imparts excellent solu-
bility over a wide range of pH.

While 1–4 are incompletely described as azaquinones
(Figure 1, redox active bisimines), both species have resonance
forms that contribute to an azaquinone, or quinone-like,
system. Further, their redox properties are similar to the qui-
none systems, and changes in pKas and relative redox poten-
tials between alloxazines and isoalloxazines are related to the
different alkylation sites, and consequently the relative proto-
nation sites of the chemically reduced flavins (N1�H for isoal-
loxazines and N10�H for alloxazines). The nature of these Ns
(N10, anilino- and N1, amido-) alters the electron density and
distribution of the system in a predictable manner, resulting in
a >150 mV negative shift in redox potentials for isomerization
of the C=N double bond from the amido-N1 site to the ani-
line-N10 site. Such aspects are highlighted in the comparative
voltammetry behavior of 1–4 presented in the following.

In line with the extreme versatility of voltammetry in its var-
iant modes (linear sweep, cyclic, or hydrodynamic) for the elec-
trochemical study of organic molecules,[57] this technique was
primarily employed in the present study on 1–4 (Figure 1) in
conjunction with UV/Vis spectroelectrochemical (SPEC) experi-

ments[36, 40, 59] for mechanistic elucidations related to proton-
coupled electron transfer (PCET). Important aspects related to
PCET such as electron/proton stoichiometry and its sensitivity
to solution pH, and proton starvation effects at the electrode-
solution interface are discussed below, as is the influence of N-
alkyl substitution (at N1/N10 and N3) on the redox potential of
1-4. Finally, a preliminary assessment of the electrocatalytic
properties of 1 for the dioxygen reduction reaction (ORR) is
also presented. Follow-up collaborative studies will address
tethered synthetic flavins on metallic and oxide semiconductor
electrode supports, and their applicability to targeted multie-
lectron transfer for ORR and solar water splitting.

Results and Discussion

Synthesis of aqueous soluble flavin derivatives

The preparation of ammonium-substituted flavins is detailed in
Figure 2 and 3. Alloxazine (5) and N10-phenylisoalloxazine (12)
core structures (Figures 2 and 3) were prepared as previously
described.[60, 61] N-alkylation to directly install quaternary ammo-
nium groups was achieved by a rather specific procedure.
Methylation of alloxazines at N-1 and N-3 is commonly ach-
ieved by standard single-step methods with methyl iodide.[67]

However, the ammonium species pose obvious differences in
reactivity and thermal stability compared to simpler haloal-
kanes. Figure 2 shows the major product (N1,N3-dimethylallox-
azine, 8) of one-step approaches to the desired products from
commercially available halides 6 and 7. Attempts to install an
N,N-dimethylated substituent from compound 9 led us to in-
termolecular product 10 under a variety of one-pot conditions.

Quaternary ammonium containing flavins were successfully
prepared by a simple two-step procedure from commercially
available materials. Nucleophilic dipotassium alloxazine 11 was
achieved by heating alloxazine with potassium carbonate in
DMF. Subsequent treatment of the isolated salt with bromoalk-
yl ammonium species 6 in DMF produced the desired water-

Figure 2. Outcome of single-step attempts to prepare desired flavin mimics.
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soluble product, 1. Formation of flavin salts in this manner was
easily extended to N10-phenlyisoalloxazine derivatization to
prepare isoalloxazines 2 and 4, which bear varying carbon
lengths. The potassium salt 13 was also used to generate the
sulfonic acid modified flavin 3 by nucleophilic opening of
butane sultone. The choice of K2CO3 as base was critical for
the success of this two-step process. Hydroxides and alkoxides
led to lower yields of the anionic flavins. Full experimental and
characterization details are provided in the Supporting Infor-
mation.

Electrochemical aspects—Survey CV experiments

Representative CV traces are contained in Figure 4 a for 1 for
a glassy carbon (GC) working electrode in pH 7 buffer at po-
tential scan rates ranging from 20 to 300 mV s�1. A single set
of quasi-reversible waves were seen in the reductive regime
(Figure 3 a). These waves were diffusion-controlled as deduced
from two trends: 1) The wave shapes and non-zero peak sepa-
ration (i.e. , the waves in the CV traces in Figure 4 a were not
sharp/symmetric without diffusion tails, and did not have 0 mV
peak separation as expected for a surface-confined redox pro-
cess;[62] 2) The Randles–Sevcik plots[63] in Figure 4 b revealed
a square-root potential scan rate (rather than linear) depend-
ence of the peak current. Essentially similar CV behavior was
observed for the polycrystalline Au working electrode surface
(data not shown). It is important to underline that the behavior
in Figure 4 for the GC surface, and trends from other experi-
ments for both GC and Au surfaces (data not shown), were
generally consistent with those expected for freely-diffusing
flavin molecules in the aqueous media employed in this study.

Previous authors have described adsorption of riboflavin,
FAD, and other natural flavin analogues for a variety of elec-
trode surfaces including GC.[11, 14, 16–18, 20, 24, 30, 36, 48] These prior
studies reveal that much less FAD was adsorbed on GC, Pt,
and Au surfaces relative to the graphite case; the adsorbed
layer was removed in these cases even with a single rinse. This
trend is entirely consistent with the findings for 1 in this study
for which negligible adsorption was seen on either GC or poly-
crystalline Au. Furthermore, the phosphate group of FAD,
which is not present in 1, is believed to be the major anchor
on some electrode surfaces.[17]

pH dependence of redox potentials for the synthetic
flavin 1

The CV waves were pH-dependent for all the four synthetic de-
rivatives (1–4) considered in this study, diagnosing that initial
electron transfer was accompanied by proton transfer leading
to a proton-coupled electron transfer (PCET) scheme (see
below). Figure 5 contains CV traces for 1 at the GC electrode
surface for buffered solutions of varying pH ranging from 3 to
10. The redox waves systematically shifted to more negative
potentials as the pH was increased.

The electron/proton stoichiometry of the flavin reduction
process can be probed by plotting the dependence of the re-
duction potential, Epc versus solution pH; the results are shown
in Figure S1, Supporting Information, for the buffered solu-
tions. The slope of the plots (~-55 mV/pH unit) is consistent
with that expected for a 2 e� , 2 H+ PCET process.

Note that 1 e� , 1 H+ stoichiometry (or for that matter, any
pathway involving equal numbers of electrons and protons)
would also have been consistent with observation of a (nerns-
tian) �55 mV/pH unit slope value. Importantly, both our CV
(e.g. , Figure 5) and hydrodynamic (rotating disk electrode or
RDE) voltammetry data (Figure 6) rule out that possibility. Fig-
ure 6 a contains RDE data for a buffered solution of pH 9; Fig-
ure 6 b contains Koutecky–Levich plots[63] constructed from
these hydrodynamic voltammetry data along with two other
plots derived from data on buffered solutions of pH 3 and 7

Figure 3. Derivatization of flavin salts with ammonium linkers.

Figure 4. a) CV traces for the synthetic flavin derivative, 1 at a GC electrode
surface as a function of potential scan rate in 0.1 m phosphate buffer solu-
tion (pH: 7). b) Plots of the peak current versus the square root of the poten-
tial scan rate constructed from the data in Figure 4 a. The solid lines in Fig-
ure 4 b are least-squares fits of the data points shown as circles or squares.
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(see also the Supporting Information, Figure S2). The electron
stoichiometry values obtained from analyses of these plots are
contained in Table 1. Values derived from the Randles–Sevcik
plots (i.e. , slopes of CV peak current versus square root of po-
tential scan rate, c.f. , Figure 4 b and Figure S3, Supporting In-
formation) are also contained in Table 1. The analyses in
Table 2 provide further corroboration for our assertion that n is
indeed close to 2; the computed diffusion coefficient (D)

values are clearly unreasonable for a molecule of the size of
flavin if an n value of 1 is assumed.

Interestingly, in unbuffered aqueous media, the pH depend-
ence of Epc is greatly attenuated in neutral solutions in an in-
termediate pH range that spans 4–7 (data not shown). When
buffered solutions were utilized, the ~�55 mV/pH unit slope
trend appeared over the entire pH range studied from 1 to at
least 10 (Figure S1, Supporting Information). Factors in the in-
variance of Epc with solution pH (as seen for unbuffered media
in this study) can be understood in the light of a particularly
elegant study on quinones.[64] An overall 2 e� , 2 H+ PCET
scheme was accepted by these authors for buffered media for
quinones in general.[64] According to these authors, however,
a much better description of the overall reaction in unbuffered
water was a 2 e� electrochemical reduction scheme to make
a strongly hydrogen-bonded quinone dianion. The latter was
posited to exist in water as an equilibrium mixture of protona-
tion states.[64] Strikingly, the E1/2 versus pH plots presented by
these authors for anthraquinone sulfonate showed lowered
sensitivity or even insensitivity to pH for unbuffered solutions
in the 4–8 pH range (cf. , Figure 4 in ref. [64]).

Prior studies on electron/proton stoichiometry and the pH
dependence of redox potentials are mostly confined to teth-
ered natural flavin molecules on electrode support surfaces.
Even in cases for which detailed data exist on pH-potential dia-
grams for molecules such as 7,8-dimethylisoalloxazine, FMN,
FAD etc, these pertain to thin-layer electrochemical cell (thin-
layer voltammetry) situations.[8, 10] Notwithstanding these dis-
tinctions, the vast majority of the available literature on flavins
is consistent with nernstian behavior in buffered solutions re-
verting to much lower slopes in unbuffered aqueous electro-
lyte situations.

UV/Visible spectroelectrochemical (SPEC) behavior of 1

Three distinct solution pH regimes centered at 3, 7, and 9 re-
spectively were chosen for our aqueous-medium UV/Vis SPEC

Figure 5. CV traces for the synthetic flavin derivative, 1 at a GC electrode
surface as a function of pH in buffered aqueous media. See the Experimental
Section for details.

Figure 6. a) Hydrodynamic voltammograms for the synthetic flavin, 1 on
a GC electrode surface in pH 9 buffered medium. b) Koutecky–Levich plots
from RDE voltammetry data obtained at pH 3, 7, and 9 (see also Figure S2 in
the Supporting Information).

Table 1. Electron stoichiometry (n) calculated from the Koutecky-Levich
and Randles-Sevcik plots.[a]

pH 3 7 9

n (from RDE) 1.90 1.92 1.90 n (from RDE)
n (from CV) – 1.83 – n (from CV)

[a] See also Figure 4 b, b, and Figure S3, Supporting Information. The dif-
fusion coefficient value needed for these calculations was taken from
Ref. [53] .

Table 2. Calculated values for D if n = 1.[a]

pH 3 7 9

D/cm2 s�1 9.92E-6 1.014E-5 9.92E-6 D/cm2 s�1

[a] These are clearly unreasonable pointing to the fact that n cannot be
1 as assumed here. In fact, the computed D values would then be smaller
than even that of anthraquinone, for example!
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experiments in this study. The choice of these pH values re-
flected simply the acidic, neutral, and basic pH regimes in the
PCET scheme. The initial spectra of 1 at the three different pH
values (in buffered solutions) were essentially the same, indi-
cating that the oxidized form had similar electronic structure
independent from its protonation level (Figure S4, Supporting
Information). Figure 7 contains dynamic SPEC data, recorded
during a CV measurement, in phosphate buffer solution adjust-
ed to pH 3. The arrow directions in Figure 7 signal the growth
(up) or decay (down) of the spectral bands during initial elec-
troreduction of 1.

Figure 7 compares the evolution of the UV/Vis difference ab-
sorption (DA) spectra as a function of potential during a cyclic
potential scan. A reference baseline spectrum, that is, one ac-
quired at the rest potential for 1, for pH 3 was subtracted from
each successive potential-dependent spectrum. The arrows
pointing down indicate bands disappearing while those point-
ing up correspond to new bands appearing.

The bands at 338 and 380 nm were attenuated on electrore-
duction of 1 while the longer-wavelength 435 nm band, to-
gether with the high energy band at 280 nm was enhanced.
We note here that the overall pattern of the UV/Vis spectra
was very similar for all three solution pH values (see Figure S5,
Supporting Information, for pH 7 and 9). An important differ-
ence caused by the increasing pH is the gradual change in the
ratio of absorbance measured at 280 and 435 nm, respectively.
The relative intensity (Al= 280/Al= 435) of the band at 435 nm is
decreasing in the series of increasing pH values from 3.0,
through 2.3, to 0.9 (for pH 3, 7, and 9 respectively). Further-
more, at pH 9 the split of the band centered at 280 nm was
observed into two new signatures centered at 275 and
288 nm, respectively.

The above observations suggest that the absorption bands
of the differently protonated, fully reduced products can be as-
signed as follows: the highest-energy band (280 nm) belongs
to the fully protonated H2Fl, while the broad band centered at
435 nm belongs to both HFl� and Fl2�. We note here that simi-
lar trends were observed in earlier studies on natural flavins
(such as lumiflavin, FMN, and flavoproteins) in aqueous solu-
tions.[9, 13, 36]

Taken as a whole, the pH-dependent CV data and the SPEC
data for 1 can be accommodated within the framework of the
nine-member PCET scheme[65] contained in Figure 8. The as-
signed initial 2 e� , 2 H+ stoichiometry is consistent with rapid
protonation of the product formed in the first reduction step.
Indeed we fully anticipate that all the “vertical” (protonation/
deprotonation) processes in the square scheme in Figure 8 are
at equilibrium.

Cyclic voltammetry data on the other synthetic flavins (2-4)

Figure 9 compares CV traces for 1 with the corresponding data
on 2–4 for the GC working electrode in buffered solutions.

To facilitate this comparison, the CV data in Figure 10 were
acquired under identical experimental conditions (solution pH,

Figure 7. UV/Vis spectroelectrochemical data for 1 displayed as difference
plots (see text) for a buffered solution with a pH value of 3. Potential scan
conditions and other experimental details are given in the Experimental Sec-
tion.

Figure 8. PCET in flavins in the reductive electrochemistry regime. The symbol “Fl”, for example, denotes the starting synthetic flavin derivative (1 in Figure 1)
prior to electrochemical reduction ultimately to the 2 e� , 2 H+ reduced hydroquinone product, “H2Fl”. Other protonated and nonprotonated species involving
the 1 e� and 2 e� electroreduction pathways are shown. UV/Vis spectroelectrochemical data for 1 displayed as difference plots (see text) for an unbuffered so-
lution with initial pH value of 3. Potential scan conditions and other experimental details are given in the Experimental Section.
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potential scan rate, etc.). These data showed that 1 was elec-
troreduced at a more negative potential relative to 2–4.

The CV currents vastly differed for 1 relative to the other
three synthetic compounds (2–4 ; Figure 9). This trend is attrib-
uted to variations in mass-transfer efficacy brought about by
the extra phenyl substituents and hydrophobic character of
the flavin molecule in 2–4 (cf. , Figure 1). Note that hydropho-
bicity is crucially dependent on the N-alkyl substituents. In par-
ticular, the long-chain alkyl substituent in 2 renders considera-
ble hydrophobicity to the molecule; presumably, the end

result is sluggish mass transport leading to the lowest CV cur-
rents observed in this case relative to 1, 3, or 4. Note also that
the redox kinetics are markedly irreversible for 2 relative to the
traces for the other three compounds. The CV currents were
highest for 1; this compound being the least hydrophobic of
the four synthetic flavins examined here. It also has the highest
solubility in water relative to 2–4. Further aspects related to
mass transport of 1–4 (and other synthetic flavins) are deferred
to follow-up studies.

In general, shifts in the redox potentials of organic mole-
cules can be rooted in structural or chemical factors that are:
1) intrinsic to the molecule, for example, internal electric field/
inductive effects, conformational changes upon electron addi-
tion to the molecule, N-alkylation patterns, etc. ; or 2) extrinsic,
such as complexation with metal ions, solution substrates etc.
We focus here only on the proclivity of synthetic flavin mole-
cules to undergo electroreduction, and our ability to tweak
their E0’ (or Epc) by N-alkyl substitution (as in 1–4, Figure 1). Al-
kylation of a synthetic flavin molecule either at the N5 or N10
positions is known to shift its redox potential in a positive di-
rection, as described in the introduction,[28, 43] making it easier
to be electroreduced. Because of stability issues associated
with N5 substitution, however, previous authors[28] preferred to
use N1–N10 ethylene-bridged derivatives instead for this pur-
pose. Thus, 200–250 mV potential shifts (relative to a synthetic
lumiflavin analogues) were observed in Epc (or E0’) as measured
by CV and square-wave voltammetry (SWV).[28]

On the other hand, substitution at the N1- and N3-positions,
in our hands, imparts a negative shift in Epc (Figure 9) relative
to the “parent” flavin (Figure 1) substituted only at the usual
N10-position. Further, the protein environment surrounding
the flavin moiety (in flavoenzymes, for example) can have a cru-
cial effect on electron-transfer kinetics, and hence on the
redox potentials. Ample precedence exists for the manifesta-
tion of such effects, especially for natural flavins in the bioelec-
trochemistry literature,[3–8] an aspect not germane, however, to
the present study on synthetic flavins.

The nature of the permanently charged N3 substituents pro-
vide a smaller effect on Epc (Figure 9, 2–4). While linear compar-
isons of field effects (F) are unreliable for flexible saturated
alkane linkers, the experimental trend for 2–4 Epc values is con-
sistent with the substituent effect (sij) model provided by pre-
vious authors.[71] In this model sij = F/rij, in which rij is the dis-
tance between a substituent (i) and a fixed site of reactivity (j).
The field effect of Me3N+ (F = 1.52) is significantly more posi-
tive than SO3

� (F = 0.09), which supports reduction of 2 and 4
at more positive potentials. The linker is shorter in 4 than 2
and 3, predicting the Epc trend of 4>2>3. Though it must be
reiterated that the distances rij are not known, the trend fits
such a field-effect argument.

Figure 10 contains a scatter plot for the comparison of re-
duction potentials as measured in this study for the synthetic
flavins 1–4 and comparison with selected literature data. The
influence of medium pH can be accommodated by simply in-
voking Nernstian behavior (i.e. , �60 mV/pH unit shift ; see
Figure 6 above and the two dashed lines with this slope in
Figure 11). Alternatively, the pH influence can be ameliorated

Figure 9. CV traces at GC electrodes in aqueous media for the four synthetic
flavins, 1–4 in buffered electrolytes of pH 7. All the scans were run with the
same electrode and under comparable potential scan rate and analyte con-
centration (see the Experimental Section) to facilitate direct comparison.

Figure 10. A scatter plot of reduction potentials (Eobs) as measured in this
study for the synthetic flavins, 1–4 and comparison with selected literature
data. Data on the compounds labeled 1’–9’ are culled from the literature on
FAD using various buffers ranging in pH from 4 to 8.3: 1’, 2’ (Ref. [11]), 3’
(Ref. [17]), 4’ (Ref. [38]), 5’ (Ref. [30]), 6’ (Ref. [42]), 7’ (Ref. [41]), 8’ (Ref. [12]),
and 9’ (Ref. [34]). Note that Eobs is used in this plot (rather than Epc as in
Figure 5 above, for example) because other authors use either E0 or E0’ for
the redox potentials in Refs. [25] and [43]. The differences between these
variant redox potentials amount to only a few mV and will not significantly
perturb the visualization in this plot. Refer also to the text for significance of
the dashed vertical line and the two dashed lines with slopes of - 60 mV/pH
unit. UV/Vis spectroelectrochemical data for 1 displayed as difference plots
(see text) for an unbuffered solution with initial pH value of 3. Potential scan
conditions and other experimental details are given in the Experimental Sec-
tion.
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by using unbuffered electrolytes or by operating around the
neutral pH 7 value (see vertical dashed line in Figure 10).

We note herein that redox potential values at the biological-
ly relevant pH 7 have been traditionally regarded as the
“formal potential”[66] by the biochemical (rather than the bioe-
lectrochemical) community. Other than the data culled from
this study on 1–4 in both buffered and unbuffered electrolytes,
Figure 10 contains redox potential values computed by quan-
tum-chemical calculations for synthetic flavins.[43] Also shown
for comparison are values measured by CV for other synthetic
flavins in HEPES buffer (pH 7.4) on a GC electrode.[25]

Further, the trends hold for buffered and unbuffered electro-
lytes equally well (Figure 10). Taking all the data together, this
figure displays the full range of flavin redox potentials that has
been achieved to date by synthetic alteration or by pH varia-
tion. Clearly, the manifold uses of these fully organic materials
hint at their potential for functional (photo)electrocatalysis—
a topic to be addressed in our ongoing follow-up studies.

Initial assessment of the electrocatalytic activity of 1 for the
ORR

All the experiments described above, were performed in nitro-
gen-purged aqueous electrolytes. On the other hand, Figure 11
contains relevant CV traces for O2-saturated 0.1 m sodium sul-
fate electrolyte (pH 7) for the GC electrode, in solutions with-
out and with the synthetic flavin 1. A control run for the N2-sa-
turated case is also shown for comparison in Figure 11.

These data bear all the hallmarks associated with classical
homogeneous electrocatalysis:[58, 62] 1) the CV currents are
greatly enhanced (by a factor of ~10) in the presence of O2

substrate in the solution; 2) the CV trace is shifted in the posi-
tive direction when 1 is present (relative to the control scan on
GC in O2-saturated supporting electrolyte) ; and 2) the redox
waves associated with the electroreduction of 1 become irre-
versible in the presence of O2 (Figure 11).

The preliminary data were presented here merely to under-
line that our synthetic flavins (such as 1) do have the virtue of
electrocatalytic activity toward solution substrates such as O2.
A fuller study affording quantitative assessments of electroca-
talytic activity for O2 and other substrates is in progress.

Conclusion

In summary, this study has attempted to fill the knowledge
gap that existed on the mechanistic aspects of PCET for syn-
thetic flavins in aqueous media. Hitherto such studies had
mostly addressed: 1) Inductive effects associated with ET in
these molecules (c.f. , Figure 10) or 2) strategies for tethering
natural flavins (and flavin analogues such as lumiflavin) on sup-
port matrices of interest, and subsequently characterizing
these assemblies. Adsorption of flavins on electrode surfaces
was also emphasized in these earlier studies, which almost ex-
clusively focused on natural compounds.

In contrast, the present study, importantly, shows that much
can be learnt about PCET from studies on the electrochemical
behavior of synthetic flavins in aqueous media. Aqueous
media, especially at pH values close to the neutral point are
biologically relevant. After all, water is an excellent proton
donor and its use for organic (or bioorganic) electrochemistry
studies obviates the need for externally added proton donors.
The absence of side groups such as those present in riboflavin,
FMN, and FAD in the synthetic flavin analogues examined here
(see Figure 1), greatly simplifies their pH-dependent electro-
chemical behavior.

More generally, this work demonstrates the utility of scatter
plots (such as the one in Figure 10) for visualizing and examin-
ing underlying factors in redox potential shifts. This can be
done in two (or more) dimensions; as shown in Figure 10, pH-
induced shifts manifest in the lateral direction while other fac-
tors exert shifts in the vertical direction. Traditionally this latter
topic has been the realm of physical organic chemists where
interpretation of redox potential shifts in terms of linear free
energy correlations between E0 (or E0’) with parameters such as
the Hammett values s, is commonplace. On the other hand,
our scatter plot in Figure 10 has practical value for visualizing
such dependencies, and for identifying factors (both intrinsic
and extrinsic, see above) that influence redox potentials. The
influence of N-alkyl substitution effects in 1–4 (Figure 1 and )
is a case in point. Further, we point out that the use of such
plots extends beyond flavins, and could include not only other
organic molecules, but bioorganic and bioinorganic systems as
well, and even solids.

Armed now with the basic electrochemical characterization
of 1–4 (and other synthetic flavins in our hands), follow-up
studies will address their electrocatalytic behavior in the freely-
diffusing and tethered states as well their applicability in pho-
tocatalysis and solar water splitting.

Figure 11. CV traces for GC electrodes in 0.1 m sodium sulfate (unbuffered,
pH 7) in the presence of 1 in N2-purged electrolyte (blue line). The corre-
sponding traces for O2 -purged electrolytes are with the presence (red line)
and absence (black trace) of 1 in the electrolyte. Thus the blue and black
traces represent control runs showing the intrinsic redox behavior of the
flavin and the baseline electrocatalytic activity of the GC surface toward the
ORR.
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Experimental Section

General

All chemicals were from commercial sources and were of the high-
est purity available. Deionized water (18 MW cm) was used in all
cases for making solutions. Sodium sulfate (0.1 m concentration)
was used as the supporting electrolyte for the voltammetry and
SPEC experiments; the solutions were thoroughly purged with pre-
purified N2 prior to use in all the cases unless otherwise specified.
The (unbuffered) electrolyte solutions with variable pH in the 1–10
range were obtained simply by titration with the requisite amounts
of sodium hydroxide or sulfuric acid in the 0.1 m sodium sulfate
medium. Buffered solutions were prepared with phosphate (H3PO4/
NaH2PO4 and NaH2PO4/Na2HPO4), acetate (CH3COOH/CH3COONa),
and carbonate (Na2CO3/NaHCO3) species as needed. All buffer con-
centrations were 0.1 m, and the pH was set at 3 with phosphoric
acid/KH2PO4, 4, 5 with acetate and 6, 7, 8 with phosphate, and 9,
10 with carbonate species, respectively. The flavin derivatives (1–4,
Figure 1) were synthesized by modified procedures.[67, 68] Spectro-
scopic structure confirmation, purity (>99 %), and other details are
described in Supporting Information.

All reactions were performed under an argon atmosphere unless
otherwise noted. Reagents and starting materials were purchased
from commercial sources and used without any further purifica-
tion. 500 MHz 1H NMR and 125 MHz 13C NMR were performed on
a JOEL Eclipse Plus 500 NMR spectrometer. Chemical shifts were re-
corded in reference to residual solvent peaks ([D6]DMSO = 2.50 and
CDCl3 = 7.26, D2O = 4.90). IR spectra were recorded on a Bruker
Alpha-P FTIR spectrometer by attenuated total reflectance on a dia-
mond sample plate. Melting points of the compounds were ob-
tained by using Mel-Temp II apparatus. TLC experiments were per-
formed on EMD Merck F254, 250 mm thickness.

Electrochemical experiments were performed with a conventional
three-electrode cell and glassy carbon (GC) working electrodes for
CV. A few CV experiments were also performed on a polycrystalline
Au working electrode (EDAQ, 1 mm diameter, part no. ET076–1) for
comparison (data not shown below). A CH Instruments Model
600C potentiostat/waveform generator was used for CV. The GC
disk electrode (BASi, 2.0 mm diameter) was polished with alumina
slurry (Buehler, 0.05 mm) to mirror finish, followed by rinsing with
doubly distilled deionized water. A Pt wire was used as the counter
electrode for CV; all working electrode potentials below were mea-
sured with respect to a Ag/AgCl/KCl (satd.) reference electrode.
The potential scan rate was 20 mV s�1 unless otherwise mentioned,
and the nominal flavin derivative concentration in the supporting
electrolyte (or buffer) was 0.1 mm.

Hydrodynamic voltammetry measurements were performed with
a glassy carbon working electrode (Pine Instruments, geometric
area = 0.196 cm2). For electrode rotation, a Pine Instruments MSR
rotor was used. The electrode surface cleaning procedure was the
same as used above. A Pt wire was used as the counter electrode
and Ag/AgCl/satd. KCl served as the reference electrode.

Spectroelectrochemical (SPEC) experiments utilized a diode array
spectrometer (Hewlett–Packard Model 8453) equipped with
a custom-built quartz thin layer cell ; UV/V spectra were acquired in
the transmission mode over a ~250–600 nm wavelength range. A
gold mesh was used as the working electrode for SPEC experi-
ments. Further details of the assembly/instrumentation, the Au
gauze electrode and its pretreatment, and the thin-layer SPEC cell
are given elsewhere.[69, 70] The flavin derivative concentration in
these experiments was 1.0 mm, in buffered solutions (pH 3, 7, and
9) and the potential was cyclically scanned at 5 mV s�1. The counter

electrode (a Pt wire) and a miniature Ag/AgCl/KCl (satd) reference
electrode were laterally placed in a quartz optical cuvette next to
the thin-layer SPEC cell compartment. The top part of the SPEC cell
compartment was sealed with an airtight Teflon stopper with dril-
led perforations for electrode leads and solution degassing connec-
tors as needed. All voltammetry, SPEC, and other electrochemical
experiments were conducted at the ambient laboratory tempera-
ture (20�2 8C).
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Flavin Derivatives with Tailored Redox
Properties: Synthesis,
Characterization, and Electrochemical
Behavior

Substituent effects on the redox be-
havior of synthetic flavins were com-
pared and contrasted for four synthetic
flavin molecules as bioinspired redox
mediators in electro- and photocatalysis
applications. Structure–property rela-
tionships were established and visual-
ized within a scatter plot framework
(see figure) to afford comparison with
prior knowledge on mostly natural fla-
vins in aqueous media.
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